Abstract A 16-channel electron cyclotron emission (ECE) radiometer has been employed to observe the (m, n) = (2, 1) magnetic island structure on HT-7 tokamak, where m and n represent the poloidal and toroidal mode number respectively. The results indicate that the island width is about 7 cm when the magnetic island is saturated during the m/n = 2/1 mode. The location of resonance surface can be determined by plotting the contour of ECE relative fluctuation. This method could be applied to the HT-7 and EAST campaigns in the future for the research of neoclassical tearing modes (NTMs).
Introduction
One of the critical magnetohydrodynamic (MHD) instabilities in tokamak is tearing mode or neoclassical tearing mode (NTM) [1∼5] , which leads to the formation of magnetic island [6, 7] . The parameter β = P/(B 2 /2µ 0 ), which is the ratio between the plasma kinetic pressure and the total magnetic field pressure [8] , or more commonly the normalized beta β N = β(%)/[I P (MA)/a(m)B T (T)] is often used to describe the devices efficiency, where I P is plasma current, a is the plasma major radius, and B T is the toroidal magnetic field. Theoretically, the island structure is created due to the reconnection at the X-point, which is on the rational surface. Once the magnetic island forms, it degrades the efficiency and performance of fusion devices; it also limits the achievable maximum β and sometimes makes the discharges disruptive. So the magnetic islands studies, including the physics of onset, growth and suppression of these modes, are critical for the achievement of high plasma performance in both experimental tokamaks and ITER (International Thermonuclear Experimental Reactor).
There are several ways to estimate the width of the magnetic island. The magnetic probes outside the plasma are used to the magnetic island studies [9] , but it is difficult in the case of weak intensity or non-circular plasmas. Besides, the mode location needs to be measured with other diagnostics such as motional Stark effect (MSE) polarimeter [10, 11] . By the soft X-ray detector arrays, 2-D magnetic island geometry can be reconstructed [12∼15] . Since this is a method of chord measurement, at least two arrays with numbers of chords are needed, and the Abel transform is necessary. So this method is complex, and the requirements for equipment are also high.
Electron cyclotron emission (ECE) diagnostic [16, 17] has the capability of local measurement for electron temperature of the radial profile with high spatial and temporal resolution. Since the main temperature perturbation takes place in the vicinity of the island, it is feasible by evaluating the electron temperature fluctuation from ECE diagnostics to obtain the magnetic islands information, such as the island width and its evolvement, rotation frequency and so on [18, 19] .
By the 'jog' experiments described in Refs. [18, 20] , which are for the case where the spatial resolution of ECE is not good enough, the magnetic island width can be obtained by shifting the plasma rapidly. The 'jog' experiments ask for the shift adiabatic and magnetic islands are not perturbed. For adequate spatial resolution, this shift becomes unnecessary. On HT-7 tokamak, the width of islands associated with the tearing mode is evaluated with multi-channel ECE heterodyne radiometer system. We tried to measure the island width by 'jog' experiment, but it turned out that the plasma is hard to be controlled adiabatic when shifting during one discharge. We decided to measure the magnetic island by calculating the oscillation of the electron temperature from multi-channel ECE. Moreover, this method is direct and simple; it will be applicable to EAST (Experimental Advantaged Superconducting Tokamak) discharge in the future.
The contents of this paper are as follow. In section 2, the HT-7 experimental setup and the 16-channel ECE heterodyne radiometer are described; in section 3, one shows how to extract the magnetic island information from the electron temperature oscillation, and the m/n = 2/1 mode magnetic island width is obtained using multi-channel ECE heterodyne radiometer on HT-7 tokamak. In section 4, a summary of this paper is presented.
Experimental setup and multichannel ECE diagnostics
HT-7 is a medium-sized superconducting tokamak, of which the major radius is R= 1.22 m, the volumeaveraged plasma minor radius is a= 0.27 m. Molybdenum and liquid lithium limiters are adopted in the past experimental campaign. Lower hybrid wave and ICW (ion cyclotron wave) are applied for plasma heating and current drive. A set of 16-channel heterodyne ECE diagnostics is installed to measure the radial profile of electron temperature on HT-7. Compared to the soft X-ray pulse height analyzer, Thomson scattering, and Langmuir probes, the ECE diagnostics can provide electron temperature profile with high spatial and temporal resolution. This system was described in detail in Ref. [21] and here it is a brief introduction. The detected ECE frequency range is 98.5∼126 GHz with a step of 2 GHz from a horizontal chord across the plasma center, the spatial resolution is about 2 cm for B T = 2 T in the core region of HT-7, and the sampling rate is 250 kHz.
Measurement of magnetic island with multi-channel ECE
By plotting the contour of ECE oscillations, one can estimate magnetic island width, resonance surface location [22] . Fig. 1 illustrates a typical ohmic discharge 112810 on HT-7, where the plasma current is 100 kA, the toroidal magnetic field is 1.75 T, the lineaveraged electron density is 2.4 × 10 19 m −3 , and the edge safety factor is q a = 4.2 according to the edge magnetic probes. It is shown in the middle of the figure that the ECE oscillations take an inversion between channels ECE03 and ECE05, which correspond to the position R ≈ 1.17 m and R ≈ 1.13 m respectively, simultaneously the Mirnov coil signals also take sine-shaped oscillations both in poloidal and toroidal directions, these indicate the existence of magnetic islands. In Fig. 2 , the time-frequency analysis of Mirnov coils shown that the magnetic perturbation is changed poloidally. During the discharge, at around 0.3 s, the mode appears while the T e as shown in the ECE signals decrease along with the increased amplitude of magnetic perturbation.
In order to identify the mode number during this discharge, we analyzed the Mirnov coils signals by the shifted phase and Singular Value Decomposition (SVD) [9] , results shown in Fig. 3 indicate that m = 2 and n = 1, where m and n represent the poloidal and toroidal numbers respectively. 
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We defined the relative oscillation of electron temperature as follows:
where f (t) is the ECE signal, and
is the averaged ECE signal during one cycle period of the dominant mode T . We selected 12 channels of the ECE signals to obtain the relative oscillation. The contour plot of ECE oscillation during 2/1 mode in this shot is shown in Fig. 4 , where the horizontal and vertical axes correspond to time and major radius respectively. The oscillation values T e are normalized to the averaged electron temperature T e . The red and blue regions represent T e /T e > 0 and T e /T e < 0 respectively. Since the temperature in the island is identical and not changed when the plasma rotates along the flux surface, the isothermal surface with the X-point is the rational surface, while temperature outside the island changes. So the island is thought to be located at the boundary of the positive and negative perturbation domain. From Fig. 3 , it can be identified that the inversed phase located at major radius R ≈ 1.15 m. The saturated island width is about 7 cm (from R = 1.09 m to R = 1.16 m). This result is compared with that of soft-X ray array, which is shown in Fig. 5 . It is obvious that the island rotates poloidally and toroidally, and the locations of the islands are alike. This ECE heterodyne radiometer system has been calibrated relatively. The method to relative calibration is described in Ref. [23] . We selected a magnetic field value under the premise that the plasma is optically thick, and then calculated the position of each channel. Next, we calculated the new magnetic value to make the position of channel 2 at the previous channel 1. This is a method to get the relative factor between each channel. At last, the coefficient is obtained by multiplying the factor with electron temperature from other diagnostic, here we use the soft X-ray pulse height analyzer. In Fig. 6 , the electron temperature profiles at different moments are shown, which are the O-point and X-point of the island. The flat region is maximum across R = 1.08 ∼ 1.15 m at 0.539 s in Fig. 6(b) , which indicates that the m/n = 2/1 island width is about 7 cm when the island is saturated.
Here the flat region is not so flat since the resolution of this ECE system is inadequate. Both the T e profile and T e /T e contour indicate that the magnetic island width w ≈ 7 cm, when the island is saturated. Considering the minor radius a of HT-7, the island width is w ≈ 0.18 a. This result is similar to the 2/1 island width observed in other tokamak such as DIII-D [24] , JET [25] , and JT-60U [19] . But unfortunately, because the spatial resolution of this 16-channel ECE system is not good enough, it is hard to obtain the evolution of magnetic islands, i.e. it is not clearly proven whether the observed 2/1 mode is NTMs or not. In the future, we will develop a ECE absolute calibration system to achieve more precise T e value. Simultaneously, by cooperation with UC-Davis, a brand new multi-channel ECE radiometer system will be applied to EAST, which spans a frequency range of 104 GHz to 168 GHz, corresponding to a toroidal magnetic field of 2.3 T. This radiometer generates a set of 32 output signals, each corresponding to the received ECE power at a specific input radio-frequency. In this particular case, the radio-frequencies are equally spaced every 2 GHz from 105.1 GHz to 167.1 GHz. Each channel has a radio-bandwidth of 500 MHz, and a video bandwidth that can be adjusted between 50 kHz and 400 kHz. This 32 channel radiometer has the ability of wider T e measurement range on EAST. This will be a powerful diagnostic for the contour of fast fourier transformation (FFT) amplitude of the mode frequency [26] .
Conclusions
The m/n = 2/1 mode magnetic island width has been directly obtained using multi-channel ECE heterodyne radiometer during HT-7 ohmic discharge. It is proven that island informations are visible from the contour of electron temperature oscillations and the T e profile. The results indicate that the saturated island width is about 7 cm. Having the advantages of simple and direct, the ECE heterodyne radiometer is a powerful tool for the measurement of magnetic island width on HT-7 and EAST. 
